Alzheimer's disease (AD) is a neurodegenerative disorder characterized by progressive cognitive decline. Deep brain stimulation (DBS) has been used to treat a variety of brain disorders and shows promise in alleviating cognitive symptoms in some AD patients (Laxton et al, 2010) . We previously showed that DBS of the entorhinal cortex (EC) enhances spatial memory formation in normal (wild-type) mice (Stone et al, 2011) . Here we tested the effects of EC-DBS on the progressive cognitive deficits in a genetically-based mouse model of AD. TgCRND8 (Tg) transgenic mice express human amyloid precursor protein harboring the Swedish and Indiana familial AD mutations. These mice exhibit age-related increases in Aβ production, plaque deposition, as well as contextual fear and spatial memory impairments. Here, we found EC stimulation in young mice (6 weeks old) rescued the early contextual fear and spatial memory deficits and decreased subsequent plaque load in Tg mice. Moreover, stimulation in older mice (6 months old) was also sufficient to rescue the memory deficits in Tg mice. The memory enhancement induced by DBS emerged gradually (over the course of weeks) and was both persistent and specific to hippocampal-based memories. These results provide further support for the development of novel therapeutics aimed to resolve the cognitive decline and memory impairment in AD using DBS of hippocampal afferents.
INTRODUCTION
It is predicted that by 2050 4 131.5 million people worldwide will have dementia (Prince et al, 2016 ). Alzheimer's disease (AD), the most common form of dementia, was first described by Alois Alzheimer in 1906. Despite intense research in the over 100 intervening years, there is no cure for AD and the basic underlying pathophysiological mechanisms are not well understood. The defining feature of AD is memory loss, associated with dysfunction of the medial temporal lobe, including the hippocampus (Perry and Hodges, 1996, Albert, 2011) . The amyloid beta hypothesis of AD posits that AD results from abnormal accumulation of the amyloid beta protein (Aβ, derived from the proteolytic processing of amyloid precursor protein, APP) (Tanzi and Bertram, 2001, Selkoe, 2002) . Although challenged (Morris et al, 2014) , this hypothesis remains influential. In particular, autosomal dominant mutations in APP cause familial AD (fAD) (Citron et al, 1992 , Price and Sisodia, 1998 , Hardy and Selkoe, 2002 .
Currently, there are two approved pharmacological treatments for the cognitive symptoms of AD, cholinesterase inhibitors and NMDA receptor antagonists. These drugs have limited efficacy and recent clinical trials for new therapies have been disappointing. Deep brain stimulation (DBS) is currently being used to treat several brain disorders, including Parkinson's disease, dystonia, and treatmentresistant depression (Mayberg et al, 2005, Ponce and Lozano, 2010) . Recently, DBS has also been investigated as a possible treatment for patients with AD, motivated by a case study in which DBS of the hypothalamus and fornix (the major output fiber bundle of the hippocampus) enhanced memory recollection (Hamani et al, 2008) . During implantation surgery of a patient being treated for morbid obesity, acute DBS stimulation of the hypothalamus/fornix induced an episodic memory-like phenomenon (the patient recalled a familiar scene). Furthermore, turning on stimulation of the implanted electrode 2 months post surgery similarly evoked a memory-like phenomenon. This patient also showed enhanced memory recall following 3 weeks of chronic stimulation. A Phase 1 study with six participants with early-stage AD was conducted (Laxton et al, 2010) . Six months of chronic stimulation decreased cognitive decline (as measured on standardized tests) in four of six patients and all patients showed sustained increases in glucose metabolism (measured by PET) across multiple brain regions including the hippocampus, parahippocampal gyrus and entorhinal cortex. A follow-up Phase II study conducted in 42 patients with early AD, which used a 'stimulation on' vs 'stimulation off' cross-over design, showed no overall cognitive benefit produced by 12 months of continuous stimulation (although there was a tendency for slowing the cognitive decline in a subset of patients) . However, increases in glucose metabolism in brain regions including the hippocampus and several cortical regions were noted following 6 (but not 12) months of stimulation. Together these initial findings hint at the promise of DBS for treating the memory-related symptoms of AD, but also indicate that further basic research is necessary to inform future clinical trials.
We previously showed that acute DBS of the entorhinal cortex (EC), a region afferent to the hippocampus, produced pro-cognitive effects in adult wild-type (WT) mice (Stone et al, 2011) . Six weeks following acute DBS, mice showed improved spatial memory, as assessed in the water maze. Here we test whether a similar intervention reverses the memory deficits and plaque load in mice genetically engineered to model AD.
MATERIALS AND METHODS

Mice
TgCRND8 (Tg) mice express a human APP 695 transgene with both the Swedish (K670N-M671L) and Indiana (V717F) fAD mutations under the regulation of the Syrian hamster prion promoter (PrP) (Chishti et al, 2001 ) and were obtained from Dr David Westaway (University of Alberta, Canada). Tg mice were maintained in a 129S6/SvEvTac genetic background and crossed with WT C57BL/6NTac mice to produce F1 hybrid experimental mice. Tg and WT littermate control mice were either 6 weeks (young mice) or 6 months (old mice) old at the start of all experiments. Mice were group housed (3-5 mice per cage) on a 12-h light/dark cycle. Behavioral experiments were conducted during the light phase. Food and water were available ad libitum. Approximately equal numbers of male and female mice were examined. All procedures were conducted in accordance with policies of the Hospital for Sick Children Animal Care and Use Committee and conformed to both Canadian Council on Animal Care (CCAC) and National Institutes of Health (NIH) Guidelines on Care and Use of Laboratory Animals.
We stimulated TgCRND8 mice at two ages (6 weeks and 6 months). We chose 6 weeks as the earliest age because the TgCRND8 is an accelerated model of AD (Chishti et al, 2001) . In these mice, memory deficits are evident at 6 weeks of age, and plaques emerge at~10-12 weeks of age (Yiu et al, 2011) . Stimulating mice at 6 weeks of age allowed us to assess the effect of DBS when memory deficits first emerge (and before significant plaque deposition). At 6 months of age, these Tg mice also show memory deficits but also significant plaque load.
Stereotactic Surgery and EC stimulation
Bilateral EC stimulation was conducted as previously described (Stone et al, 2011) . Six-week-or 6-month-old mice were pre-treated (atropine sulfate 0.1 mg/kg, i.p.), anesthetized (chloral hydrate, 400 mg/kg, i.p.) and placed in a stereotaxic frame. Concentric bipolar electrodes (FHC, CBA SC75) were bilaterally targeted to the EC (coordinates relative to Bregma in the anteroposterior, mediolateral, and dorsoventral planes as follows (in mm): (−4.0, ± 3.25, − 5.1), Paxinos and Franklin, 2001) . Electrical stimulation was designed to approximate high frequency DBS used in clinical practice (Volkmann et al, 2006) , and delivered (via a clinical screener, model 3628; Medtronic; frequency = 130 Hz, pulse width = 90 μs, square wave) for 1 h in the Tg stimulated group (Tg-S). Control, non-stimulated groups (WT-NS, Tg-NS) were implanted with electrodes bilaterally in the EC, but did not receive stimulation. Behavior experiments were conducted 1, 3, or 6 weeks post stimulation.
Contextual and Auditory Tone Fear Conditioning and Testing
Contextual fear training. Contextual fear training consisted of placing a mouse in the conditioning chamber and 2.5 min later, delivering a foot shock (2 s, 0.5 mA). The mouse remained in the training context for an additional 30 s.
Contextual fear testing. Testing for contextual fear memory occurred 24 h and 1 week after conditioning (except where explicitly stated). Mice were returned to the training context for 5 min. The amount of time spent freezing (defined as an immobilized, crouched position, with an absence of any movement except respiration (Blanchard and Blanchard, 1969) during context re-exposure was assessed. Freezing behavior was monitored by overhead cameras, which digitized video images at 4 Hz. An automated frameby-frame analysis of movement was used to generate freezing scores (FreezeFrame software, Actimetrics, Wilmette, IL).
Tone fear training. Mice trained and tested 6 weeks after DBS were trained in auditory fear conditioning. Auditory tone fear conditioning consisted of placing mice in a conditioning chamber and, 2 min later, presenting a tone (2800 Hz, 85 dB, 30 s) that co-terminated with a foot shock (2 s, 0.5 mA). The mouse remained in the training context for an additional 30 s.
Tone fear testing. Memory of the tone fear conditioning was assessed 48 h after training. Mice were placed in a novel chamber and, 2 min later, the tone was presented (for 1 min). The amount of time spent freezing during tone presentation was assessed.
Entorhinal DBS rescues memory in AD mouse model F Xia et al Statistical analysis. The amount of time spent freezing when re-exposed to the training context (context fear) or tone presentation (tone fear) was compared across groups by an analysis of variance (ANOVA). Where appropriate, significant effects were further analyzed using NewmanKeuls post hoc tests.
Water Maze Training and Spatial Memory Testing
Training and testing in the water maze were conducted as previously described (Stone et al, 2011) . The circular water maze tank (120 cm diameter, 50 cm deep) was located in a dimly lit room (see (Teixeira et al, 2006 , Maei et al, 2009 ). The pool was filled to a depth of 40 cm with water made opaque by nontoxic white paint. Water temperature was maintained at 28 ± 1°C. A circular escape platform (10 cm diameter) was submerged 0.5 cm below the water surface and located at a fixed position throughout training. The pool was surrounded by white curtains painted with distinct cues, 1 m from the pool perimeter. Before training, mice were handled for 2 min/day for 1 week. Mice received three trials per day, for 6 days. Each trial lasted a maximum of 60 s. To begin each trial, a mouse was placed in the pool, facing the wall in one of four start locations (varied pseudo-randomly). The trial was complete once the mouse found the platform or 60 s had elapsed. If the mouse failed to find the platform on any trial, the experimenter guided the mouse onto the platform. After each training trial, the mouse was allowed 15 s on top of the platform. After 60 min of the final training trial, spatial memory was assessed in a probe test during which the platform was removed from the pool and the mouse was allowed to search for 60 s.
Training and probe trial behavioral data were acquired and analyzed using an automated tracking system (Actimetrics, Wilmette, IL). In training, latency to platform was measured and averaged over trials each day. In the probe test we quantified spatial memory by measuring the amount of time mice spent searching in the target zone (20 cm radius, centered at the location of the platform during training; 11% of the pool surface) vs the average time spent in the three other equivalent zones in other areas of the pool (Teixeira et al, 2006) . Statistical analysis. We analyzed time required to reach platform (escape latency) using a two-way ANOVA with between-group factor 'Group' and within-group factor 'Day' (6 days). For probe test, we first quantified spatial bias by comparing amount of time mice spent in target zone vs average time spent in equivalent zones in 'other' three quadrants of the pool using an ANOVA (between-subjects variable vector, within-subjects variable zone (target, others)). Significant effects were further analyzed with Newman-Keuls post hoc tests.
Plaque Immunostaining and Quantification
Plaque immunostaining was conducted as previously described (Yiu et al, 2011) . Coronal brain sections (50 μm) from non-stimulated (Tg-NS) and stimulated (Tg-S) transgenic mice were treated with 1% hydrogen peroxide in 100% methanol (15 min), followed by 96% formic acid (10 min).
Figure 1 EC stimulation at 6 weeks of age rescues subsequent deficits in context fear memory in young Tg mice. (a) At 6 weeks of age, Tg mice were bilaterally stimulated in the EC (Tg-S) for 1 h, while Tg and WT controls were not stimulated (Tg-NS, WT-NS). Separate groups of mice were fear conditioned at 1, 3, or 6 weeks post stimulation and tested 24 h later. (b) EC stimulated Tg (Tg-S, n = 6) and control non-stimulated Tg (Tg-NS, n = 8) mice trained 1 week post stimulation showed contextual fear memory deficit compared with non-stimulated WT-NS mice (n = 9). (c, d) Tg-S mice trained 3 weeks (WT-NS, n = 13; Tg-NS, n = 8; Tg-S, n = 11) or 6 weeks (WT-NS, n = 25; Tg-NS, n = 9; Tg-S, n = 16) post stimulation showed a rescue of context fear memory that was most prominent in mice trained 6 weeks after stimulation. Data are expressed as mean ± SEM (*Po0.05, **Po0.01, ***Po0.001).
Entorhinal DBS rescues memory in AD mouse model F Xia et al Plaques were stained with mouse anti-Aβ-6E10 primary antibody (SIG-39320; 1:500, Covance, Emeryville, CA) followed by a biotinylated donkey anti-mouse secondary antibody (715-066-151; 1:500, Jackson ImmunoResearch, West Grove, PA) and visualized using avidin-biotin peroxidase coupled to DAB. For the 6 week-old Tg mice, the number of plaques was manually counted in the dorsal hippocampus and frontal cortex by two observers unaware of the treatment conditions. In 6-month-old Tg mice, plaques were dense and difficult to quantify using this method. Therefore, we instead quantified plaque area.
RESULTS
EC Deep Brain Stimulation Reverses Contextual Fear Conditioning Deficits in Young TgCRND8 Mice
We first tested whether EC-DBS affects the contextual memory impairments previously observed in young TgCRND8 mice (Steele et al, 2014) . Six-week-old TgCRND8 mice received bilateral EC stimulation for 1 h (Tg-S) or nostimulation (Tg-NS). One, 3 or 6 weeks later, stimulated and non-stimulated transgenic mice (Tg-S, Tg-NS), as well as age-matched, non-stimulated WT littermate control mice (WT-NS), were trained in contextually fear conditioning ( Figure 1a ). Contextual fear memory was assessed 24 h after training.
For mice trained 1 week following stimulation, both Tg groups (Tg-S and Tg-NS) froze considerably less than nonstimulated WT controls (Figure 1b ; F 2,20 = 6.37, Po0.01; WT-NS (n = 9), Tg-NS (n = 8), Tg-S (n = 6)). This finding confirms that this Tg AD model exhibits impaired context fear memory, even in young adulthood (Yiu et al, 2011) .
Furthermore, these data indicate that contextual fear memory in Tg mice is unaltered 1 week following EC stimulation.
When separate groups of mice were trained 3 weeks following stimulation, a different pattern emerged. While unstimulated Tg mice (Tg-NS) froze less than WT control mice, stimulated Tg mice (Tg-S) froze at levels similar to WT mice ( Figure 1c ; F 2,29 = 3.78, Po0.05; WT-NS (n = 13), Tg-NS (n = 8), Tg-S (n = 11); post hocs Newman-Keuls). Mice trained 6 weeks following stimulation showed the same pattern of results. Again, stimulating Tg mice (Tg-S) increased freezing levels above their non-stimulated Tg littermates, similar to WT mice ( Figure 1d ; F 2,47 = 8.20, Po0.001; WT-NS (n = 25), Tg-NS (n = 9), Tg-S (n = 16); post hocs Newman-Keuls). Together, these results indicate that acute deep brain stimulation of EC reversed the contextual fear memory deficits in young Tg mice. The benefits of DBS are not observed 1 week following stimulation, but emerge over a longer time course (ie, becoming evident 3 and 6 weeks post stimulation).
In the above group of mice trained 6 weeks following stimulation, a tone was paired with a foot shock during training. This provided an opportunity to assess tone fear conditioning, a form of learning that does not critically depend on the hippocampus (Kim and Fanselow, 1992) , in these mice (Figure 2a) . In contrast to contextual fear memory, EC stimulation failed to rescue tone fear memory in Tg mice (Figure 2b ; F 2,47 = 10.29, Po0.001; WT-NS (n = 25) froze more than Tg-NS (n = 9) and Tg-S (n = 16) mice, which did not differ from each other, by Newman Keuls post hocs). One week later, we placed the same mice in the original training context to determine whether the Figure 2 EC stimulation at 6 weeks of age fails to rescue non-hippocampal-dependent auditory fear memory in young Tg mice. (a) Tg mice were bilaterally stimulated in the EC (Tg-S) for 1 h, whereas Tg and WT controls were not stimulated (Tg-NS, WT-NS) at 6 weeks of age. Mice were trained for auditory fear conditioning and tested 1day later. To examine context fear memory, mice were again tested 1 week later. (b, c) EC-DBS failed to rescue the auditory fear memory deficits in Tg mice (WT-NS, n = 25; Tg-NS, n = 9; Tg-S, n = 16), but again rescued the context fear memory deficits in these mice (WT-NS, n = 18; Tg-NS, n = 7; Tg-S, n = 7), showing the specificity and persistence of the rescue of the context fear conditioning deficit. Data are expressed as mean ± SEM (*Po0.05, **Po0.01, ***Po0.001).
Entorhinal DBS rescues memory in AD mouse model F Xia et al previously observed rescue of contextual fear memory persisted. WT-NS and Tg-S again showed higher freezing levels than Tg-NS mice ( Figure 2c ; F 2,29 = 5.23, Po0.05; WT-NS (n = 18), Tg-NS (n = 7), Tg-S (n = 7); post hocs Newman-Keuls). This finding again confirms our original observations (Figure 1d ), and indicates that the rescue of contextual fear memory in stimulated Tg mice is both specific (does not extend to tone fear memory) and persistent (for at least one week).
EC Deep Brain Stimulation Reverses Spatial Learning Deficits in Young TgCRND8 Mice
We next asked whether the beneficial effects of entorhinal cortex stimulation on contextual fear memory generalized to other forms of hippocampal-dependent memory. Similar to contextual fear conditioning, the hidden-platform version of the water maze also depends on the dorsal hippocampus (Morris et al, 1982) . We focused on the 6 week post-EC stimulation time point, as this time point showed a strong rescue of contextual fear memory deficits in Tg mice (Figure 1d, Figure 3a) . Six weeks following EC stimulation, Tg-S, Tg-NS, and WT-NS mice were trained to locate a hidden platform in a fixed location over 6 training days (3 trials/day). Across training days, all mice located the platform more efficiently (Figure 3b ; significant main effect of Day F 5,150 = 25.64, po0.001, but no Group × Day interaction in a mixed ANOVA; Tg-S (n = 7), Tg-NS (n = 8), WT-NS (n = 18)). In general, WT-NS mice showed shorter escape latencies over training (significant main effect of Group, F 2,30 = 5.23, Po0.05). Therefore, although WT mice showed generally better performance across training days, all mice showed evidence of learning.
Spatial memory was assessed in a probe test conducted 24 h after the completion of training. The platform was removed from the pool and the percent time mice spent in a circular target zone (T, 20 cm radius) centered on the platform location during training vs time spent in similarly sized circular zones located in the other (O, 20 cm radius) three quadrants of the pool was measured (Moser et al, 1993) . Stimulated Tg mice showed spatial memory comparable to WT-NS mice, and considerably better than nonstimulated Tg mice (Figures 3c and d ; significant Group × Zone interaction, F 2,30 = 9.18, Po0.001; post hoc analyses revealed WT-NS and Tg-S (but not Tg-NS) spent more time searching in the target (T) zone compared to other (O) zones, indicating robust spatial memory).
A cohort of mice was tested in both contextual fear conditioning and the water maze, allowing for within-subject comparison of performance across the two tasks. The correlation analysis was statistically underpowered when Figure 3 EC stimulation at 6 weeks of age rescues the spatial memory deficits in young Tg mice, similar to the context memory deficits. (a) Tg mice were bilaterally stimulated in the EC (Tg-S), whereas Tg and WT controls were not stimulated (Tg-NS, WT-NS) at 6 weeks of age. Mice were trained in the hidden platform version of the water maze and spatial memory probed at the completion of training. (b) All mice gradually showed decrease in latency to reach the platform over days, although WT mice were generally quicker, indicating that all groups learned the task (WT-NS, n = 18; Tg-NS, n = 8; Tg-S, n = 7). (c, d) EC-DBS rescued the spatial memory deficit in Tg mice. Tg-S and WT mice spent similar amounts of time in the zone that previously housed the platform (Target zone, T) than in other equal-sized zones in other areas of the pool (Other zones, O), whereas Tg-NS mice did not (WT-NS, n = 18; Tg-NS, n = 8; Tg-S, n = 7). (e) Scatterplot showing performance for subsets of mice that were tested in both the contextual fear and water maze tasks. Overall, performance was positively correlated. However, within group, these correlations were not significant, most likely because the low sample sizes (WT-NS, n = 4; Tg-NS, n = 4; Tg-S, n = 4). Data are expressed as mean ± SEM (****Po0.0001, n.s.: not significant).
Entorhinal DBS rescues memory in AD mouse model F Xia et al tested within each group owing to the small sample sizes (n = 4 for each group). However, there was an overall trend for performance on the two tasks to be positively correlated. This suggests that mice that exhibited stronger contextual fear memory likely performed better in the water maze probe test (Figure 3e ; WT: r = 0.50, P = 0.50; Tg-S: r = 0.88, P = 0.12; Tg-NS: r = 0.73, P = 0.27). Furthermore, when all the groups were combined, the performance in contextual fear conditioning and water maze tasks was correlated (r = 0.66, P o0.05).
Together these results suggest that the rescue by EC stimulation in Tg mice generalizes across hippocampusdependent types of memory but not to hippocampusindependent types of memory.
EC Stimulation Reduces Plaque Load in Young Mice
In TgCRND8 mice, Aβ plaques emerge when mice are~10-12 weeks of age and increase with time (Yiu et al, 2011) . We next assessed whether EC stimulation impacts subsequent plaque load. After behavioral testing was complete in each group (mice trained at 1, 3, or 6 weeks following stimulation at 6 weeks of age), we examined the brains of Tg-S and Tg-NS mice for Aβ plaques. As expected (Chishti et al, 2001 , Yiu et al, 2011 , negligible plaques were observed in either the hippocampus or cortex of WT mice or Tg mice trained 1 or 3 weeks following EC stimulation (at this time, Tg mice were 7 weeks and 9 weeks of age, respectively). At 12 weeks of age, Tg-NS (n = 7) mice showed substantial plaque load (Figure 4a ). Strikingly, EC stimulation 6 weeks before (Tg-S, n = 11) reduced plaque load in both the dorsal hippocampus (Figure 4b ; t 16 = 2.36, Po0.05) and cortex (Figure 4c; t 16 = 2.30, Po0.05) . This finding suggests one potential mechanism by which EC stimulation reverses the cognitive decline in the early stages of AD.
EC Stimulation Reverses Memory Deficits in Older TgCRND8 Mice
As in AD, the memory deficits and plaque load worsen in TgCRND8 mice with age (Hyde et al, 2005 , Francis et al, 2012 . Therefore, we next asked whether EC stimulation reverses the memory deficits in older Tg mice with more advanced stages of pathology.
Six-month-old Tg mice received bilateral EC stimulation for 1 h, as above. Six weeks later, we trained mice (Tg-S, Tg-NS, WT-NS) in contextual fear conditioning as above. Memory was assessed 24 h later (Figure 5a ). Remarkably, similar to younger Tg mice, EC stimulation also rescued the contextual fear memory deficit in 6-month-old Tg mice (Figure 5b ; F 2,45 = 17.14, Po0.0001; WT-NS (n = 25), Tg-NS (n = 10), Tg-S (n = 13)). Similar to younger Tg mice, EC stimulation did not affect tone fear memory deficits in older Tg mice (Figures 5c and d ; F 2,45 = 30.22, Po0.0001; WT-NS froze significantly more than Tg-NS and Tg-S mice which did not differ from each other, by Newman-Keuls post hocs). However, when these groups of mice were returned to the original training context one week later, once again Tg-S froze at high levels, similar to WT-NS mice, and higher than Tg-NS mice (Figure 5e ; F 2,38 = 8.63, Po0.001; WT-NS (n = 20), Tg-NS (n = 10), Tg-S (n = 11); post hocs NewmanKeuls). This result in older Tg mice mirrors the EC stimulation rescue of memory deficits in younger Tg mice. That is, EC stimulation reverses contextual fear memory Entorhinal DBS rescues memory in AD mouse model F Xia et al deficits; this rescue is specific (does not generalize to tone fear memory) and persistent (at least 1 week).
To assess whether the beneficial effects of EC stimulation in older Tg mice generalize to other forms of hippocampusdependent learning, we next trained these mice in the water maze (6 days, 3 trials per day, as above, Figure 5f ). Across training days, all groups of mice learned to locate the platform more efficiently (Figure 5g ; Group × Day ANOVA; showing a significant effect of Day, F 5,220 = 52.28, Po0.001, suggesting mice improving over days, and a significant main effect of Group, F 2,44 = 10.88, Po0.001, reflecting generally shorter escape latencies in WT-NS (n = 22) group compared with either Tg-S (n = 14) or Tg-NS (n = 11) groups across days).
In the probe test conducted 24 h following the completion of training, stimulated Tg mice showed similar levels of spatial memory to WT-NS mice, and considerably better performance than non-stimulated Tg mice (Figures 5h and i ; Group × Zone interaction, F 2,44 = 4.17, Po0.05; post hoc analyses indicated WT-NS and Tg-S (but not Tg-NS) spent more time searching in the target (T) zone compared with other (O) zones).
Similar to the 6 week group, a cohort of 6-month-old mice was tested in both contextual fear conditioning paradigm and the water maze. Strikingly, water maze performance and levels of contextual fear memory were significantly correlated in Tg-S mice (Figure 5j ; r = 0.76, Po0.05; n = 8). This suggests that EC-DBS may be driving this correlated enhancement in performance across both tasks. This correlation was not observed in WT-NS (Supplementary Figure S1a ; r = 0.04, P40.05; n = 14) or Tg-NS mice (Supplementary Figure S1b ; r = 0.006, P40.05; n = 6). The lack of correlation in these latter two groups is likely because mice were performing at ceiling levels (WT-NS) and floor levels (Tg-NS), respectively, potentially masking the relationship between performance in the two tasks.
As before, we also assessed whether EC stimulation impacted plaque load. After behavioral testing was complete, we examined the brains of Tg-S and Tg-NS mice for Aβ plaques. In contrast to the younger mice, EC stimulation at six months of age (Figure 4d ) did not produce a detectable decrease in plaque load in either the dorsal hippocampus (Figure 4e ; t 9 = 0.95, P40.05) or cortex (Figure 4f ; t 9 = 0.56, P40.05). It is possible that the lack of impact on plaques could be due to substantial deposition already present at 6 months of age in the Tg mice.
Contextual Fear and Water Maze Memory Rescue are Observed in Both Male and Female Tg Mice
We next examined whether the ability of DBS to reverse memory deficits in Tg mice was sex-dependent. As DBS reversed memory deficits in 6-week-old and 6-month-old mice we combined these groups for our analysis, and analyzed contextual fear memory and water maze performance.
Interestingly, for contextual fear memory, we found freezing levels were higher in female compared to male mice. However, DBS treatment did not differentially impact freezing levels ( Supplementary Figure S1c, d ; males (WT-NS (n = 24), Tg-NS (n = 10), Tg-S (n = 15)); females (WT-NS (n = 26), Tg-NS (n = 9), Tg-S (n = 14)); Sex × Group ANOVA; showing a significant main effect of Sex; F 1,92 = 7.66, Po0.01; but no significant main effect of Sex × Group interaction; F 2,92 = 0.48, P40.05).
We performed a similar analysis on the water maze data. In this case, there was no difference in performance across males and females, nor did DBS differentially impact water maze performance across sexes (Supplementary Figure S1e-f; Males (WT-NS (n = 21), Tg-NS (n = 12), Tg-S (n = 15)); Females (WT-NS (n = 19), Tg-NS (n = 7), Tg-S (n = 6)); Sex × Group × Zone ANOVA; showing no significant main effect of Sex (F 1,74 = 0.1, P40.05), and no significant two-or three-way Sex interactions (Sex × Group × Zone F 2,74 = 0.3, P40.05; Sex × Group F 2,74 = 0.6, P40.05; Sex × Zone F 1,74 = 0.1, P40.05)).
Contextual Fear Memory Rescue is Specific and Not Due to Increase in Anxiety-Like Behavior in Young and Old Tg Mice
To verify that the observed rescue in contextual fear conditioning is specific and not due to increase in overall basal anxiety-like behavior perhaps caused by EC stimulation, we also assessed behavior in the open field (Supplementary Figure S2a) (Crawley et al, 1997, Prut and Belzung, 2003) . In the open field, we observed no effect of EC stimulation on total distance traveled (Supplementary Figure  S2b , no significant effect of Group × Distance, F 2,30 = 1.11, P40.05; WT-NS (n = 18), Tg-NS (n = 8) and Tg-S (n = 7)) or distance traveled in the periphery, middle, and center of the open field (Supplementary Figure S2c ; no significant effect of Group × Zone (distance traveled in outer, middle, and inner zones of open field) F 4,60 = 0.20, P40.05, or Group, F 2,30 = 0.66, P40.05, but, as expected, significant effect of Zone, F 2,60 = 96.93, Po0.001, with all groups of mice traveling more distance in the outer zone).
Similarly in mice stimulated at 6 months of age, there was no difference found in total distance traveled (Supplementary Figure S2d ; no significant effect of Group × Distance, F 2,20 = 1.15, P40.05; WT-NS (n = 11), Tg-NS (n = 6) and Tg-S (n = 6)) and distance traveled in the periphery, middle, and center of the open field (Supplementary Figure S2e ; no significant effect of Group × Zone (Distance traveled in outer, middle and inner zones of open field) F 4,40 = 0.07, P40.05, or Group, F 2,30 = 0.60, P40.05, but, as expected, significant effect of Zone, F 2,40 = 23.43, Po0.001, with all groups of mice traveling more distance in the outer zone). These results verify that the increase in freezing observed following EC stimulation cannot be attributed to a non-specific increase in anxietylike behavior.
DISCUSSION
Here we tested memory in TgCRND8 transgenic mice that express human APP with the Swedish and Indiana FAD mutations. These mice express high levels of Aβ, show progressive, age-related deficits in spatial and contextual fear memory and amyloid plaque deposition (Chishti et al, 2001 , Yiu et al, 2011 . We find that a single DBS treatment of the EC at 6 weeks of age is sufficient to rescue the contextual fear and spatial memory deficits in Tg mice trained 3 weeks or Entorhinal DBS rescues memory in AD mouse model F Xia et al 6 weeks after stimulation. This memory rescue was specific to hippocampal-dependent forms of memory and did not extend to auditory fear conditioning. In addition, DBS was equally effective in both male and female mice, and anxiety-like or general locomotor behavior was unaffected by stimulation. Importantly, DBS also decreased subsequent plaque load in the hippocampus and cortex in mice trained 6 weeks after stimulation. Therefore, in young Tg mice, acute
Entorhinal DBS rescues memory in AD mouse modelstimulation was sufficient to overcome hippocampaldependent memory effects.
In young (6 week-old) Tg mice, the DBS-mediated reversal in memory deficits only became apparent 3-6 weeks post stimulation and was not detected 1 week post stimulation. One possibility for the lack of rescue at 1 week post stimulation is that mice at this age (7 weeks old) generally froze less than those tested at 6 weeks post stimulation (12 weeks old). The increase in memory performance with age is consistent with previous studies from our group (Akers et al, 2012) and others (Smith et al, 2006) . However, we do not think that age-dependent changes in freezing behavior confound the interpretation of the DBS effects. The control (WT-NS, Tg-NS) mice tested 1 or 3 weeks post stimulation exhibited similar levels of freezing that were both lower than the mice tested 6 weeks post-DBS. Nevertheless, DBS still rescued contextual fear memory in the mice tested 3 weeks poststimulation, similar to the rescue observed in the 6 week post-DBS group. This indicates that DBS was effective regardless of whether baseline freezing levels were low (3 weeks post DBS) or high (6 weeks post DBS), and the rescue was a gradual process requiring at least 3-6 weeks.
As Tg mice show progressive pathology over time, we also tested whether the memory deficits in older (6-month-old) Tg mice could be reversed by acute DBS. Strikingly, DBS treatment at 6 months of age also restored contextual fear and spatial memory deficits assessed 6 weeks after treatment. Again, memory restoration was equally effective in both male and female mice, and specific to memories critically dependent on the hippocampus, as an amygdala-dependent memory was not restored. Interestingly, the performance of Tg-S, but not WT-NS or Tg-NS, mice in water maze and contextual fear conditioning were highly correlated, suggesting that DBS drove the enhancement in performance across both tasks. However, it is difficult to discern whether the performance in these two tasks is correlated in the other groups (WT-NS, Tg-NS), because of the near-ceiling, or floor, memory performance in these mice, respectively. As with the 6 week group, other behavioral measures such as anxiety were not impacted, showing the specificity of the observed effect.
What is (are) the mechanism(s) of the pro-cognitive effects of EC-DBS? Although we did not address potential mechanisms in the present study, we did note that the memory improvement produced by EC stimulation gradually appeared in the weeks following stimulation. That is, the memory rescue was not apparent 1 week following stimulation, but emerged 3-6 weeks post stimulation. One possible mechanism is via reduction in plaque load. We observed decreased plaque load following DBS in young (6-week-old) mice, in both the hippocampus and cortex. The reduction of hippocampal plaques may be mediated by direct projections from the entorhinal cortex to hippocampus (eg, CA1 and dentate gyrus (Witter et al, 1988) ). The reduction in cortical plaques may be mediated by direct projections to the prefrontal cortex, amygdala (Kitamura et al, 2017) , and indirect projections to the cortex via the hippocampus, and/or striatum (Totterdell and Meredith, 1997) . In addition, we note that DBS of the fornix in patients also impacted cortex (ie, increased cortical glucose metabolism and cortical volume; (Sankar et al, 2015 , Rowland et al, 2016 ), suggesting that DBS likely mediates its effects by rescuing dysfunctions of brain-wide circuits. Therefore, although we did not observe reversal of amygdala-dependent memory (ie, auditory fear memory), it is possible that other corticaldependent mnemonic abilities (eg, remote memory, conditioned taste aversion) may be rescued by DBS. Further studies are needed to explore these possibilities.
Interestingly, in contrast to the young mice, DBS did not reduce plaque load in 6-month-old mice, despite successful rescue in memory deficits. This might suggest that DBS may act through a plaque-dependent mechanism only in early stage of AD. Alternatively, plaque load reduction may not be the primary mechanism by which DBS reverses memory deficits. This is consistent with a number of observations including: 1) memory deficits emerge before plaques in this AD mouse model (at 1 and 3 weeks post stimulation, Tg-NS mice (7-9 weeks old) show memory deficits in contextual fear conditioning, but no detectable levels of plaque); (2) similar dissociations between memory loss and plaque load have been reported in patients; (3) immunization against Aβ rescues memory deficits in Alzheimer's mouse model without affecting plaque load (Dodart et al, 2002 ).
An additional mechanism of EC-DBS may be the promotion of hippocampal neurogenesis. We previously showed that in WT mice, the same EC-DBS promotes activity-dependent neurogenesis of hippocampal neurons to enhance spatial memory (Stone et al, 2011) . Specifically, we previously showed that the same EC-DBS enhanced the production and survival of newborn neurons in the dentate gyrus, a region that receives direct EC input. Moreover, these EC-DBS-induced newborn neurons become functionally equivalent to developmentally generated neurons in the DG. Finally, blocking neurogenesis also blocked the memory Figure 5 EC stimulation at 6 months of age rescues subsequent deficits in hippocampal memory in older Tg mice. (a) Tg mice were bilaterally stimulated in the EC (Tg-S), whereas Tg and WT controls were not stimulated (Tg-NS, WT-NS) at 6 months of age. Mice were fear conditioned 6 weeks post stimulation and tested 24 h later. (b) EC-DBS in 6-month-old Tg mice partially reversed the deficits in context fear memory (WT-NS, n = 25; Tg-NS, n = 10; Tg-S, n = 13). (c) Groups of mice (WT-NS, Tg-NS, and Tg-S) were trained in auditory fear conditioning 6 weeks following stimulation. Mice were tested for auditory fear 24 h later and context fear 1 week later. (d, e) EC-DBS did not rescue the auditory fear memory deficit in Tg mice (WT-NS, n = 25; Tg-NS, n = 10; Tg-S, n = 13), but did rescue the context fear memory deficit in these mice (WT-NS, n = 20; Tg-NS, n = 10; Tg-S, n = 11). (f) Tg mice were bilaterally stimulated in the EC (Tg-S), whereas Tg and WT controls were not stimulated (Tg-NS, WT-NS) at 6 months of age. Mice were trained in the hidden platform version of the water maze and spatial memory probed at the completion of training. (g) All mice gradually showed decrease in latency to reach the platform over days, although WT mice were generally quicker, indicating that all groups learned the task (WT-NS, n = 22; Tg-NS, n = 11; Tg-S, n = 14). (h, i) EC-DBS rescued the spatial memory deficit in Tg mice. Tg-S and WT mice spent similar amounts of time in the zone that previously housed the platform (Target, T) than in other equal-sized zones in other areas of the pool (Other, O), whereas Tg-NS mice spent less time in the target zone (WT-NS, n = 22; Tg-NS, n = 11; Tg-S, n = 14). (j) Performance on two different hippocampal-dependent tasks (contextual fear conditioning, spatial memory) was correlated in Tg-S mice (n = 8). Data are expressed as mean ± SEM (*Po0.05, **Po0.01, ***Po0.001, ****Po0.0001).
Entorhinal DBS rescues memory in AD mouse model F Xia et al enhancing effects of EC-DBS. Similarly, an alternative approach of enhancing neurogenesis via lithium was also found to rescue memory deficits in a transgenic AD mouse model (Fiorentini et al, 2010) .
Although these lines of evidence suggest that the procognitive effects of EC-DBS are at least partly mediated by reduction in plaques and enhancement in adult hippocampal neurogenesis, they do not preclude the involvement of other mechanisms. For instance, DBS has been proposed to excite or inhibit local neurons (Kringelbach et al, 2007, Chiken and Nambu, 2016) , modulate neurotransmission (Chiken and Nambu, 2016) , restore disrupted circuit activity (Mayberg et al, 2005 ,Laxton et al, 2010 , or synchronize brain activity (Murrow, 2014) . Further studies are required to address these questions.
There are currently only two approved pharmacological treatments for AD. Recent clinical trials with pharmacological agents and vaccine targeting of A have been disappointing (Winblad et al, 2016) . The current results showing the beneficial effects of an 'electroceutical' intervention in a mouse model of AD further strengthen the pursuit of these types of interventions.
